Cell division ensuring equal distribution of the genetic material between daughter cells is a key mechanism in all cellular life forms. However, the processes of division in eukaryotes and bacteria have fundamental mechanistic differences. Cell division in bacteria is coupled to replication, and a septum-associated, ATP-dependent DNA pump, FtsK, is responsible for the final stages of DNA segregation 1 . By contrast, in eukaryotes replication and division are separated by a gap phase (G2), and chromosomes replicated in the S phase of the cell cycle are subsequently partitioned into the daughter cells by spindle motors that depend on several ATPases and GTPases, including tubulins, actins, kinesins, and dyneins 2,3 . Despite these differences, sequence and structural analysis of bacterial proteins involved in cell division led to the unexpected discovery that the bacterial proteins FtsA, FtsZ and MreB are highly diverged homologues of the eukaryotic cytoskeleton proteins tubulin (FtsZ) and actin (FtsA and MreB) [4] [5] [6] . FtsZ, a GTPase, is an important protein in bacterial cell division 1, 7, 8 
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.
The mechanisms of cell division in Archaea display remarkable diversity and can differ from those in bacteria in many aspects, including DNA replication and membrane organization 9, 10 . Five archaeal phyla have been identified to date: the Crenarchaeota, the Euryarchaeota, the Thaumarchaeota, the Nanoarchaeota and the Korarchaeota, of which the Crenarchaeota and Euryarchaeota are the best characterized. Almost all members of the Euryarchaeota encode FtsZ and, thus, are thought to possess a bacterial-type division mechanism 11, 12 . By contrast, FtsZ is missing in those crenarchaeotes that live at high temperature, which nevertheless undergo division by binary fission. In contrast to bacteria, which segregate their genomes concomitantly with genome replication, the crenarchaeote Sulfolobus solfataricus shows sister chromatid cohesion for a considerable period of the post-replicative stage of the cell cycle, preceding cell division 13 . In this respect, cell division in the model hyperthermophilic crenarchaeotes of the genus Sulfolobus parallels eukaryotic cytokinesis 11, 12, 14, 15 . Following the period of cohesion, nucleoids are segregated before the invagination of the cell membrane.
Unexpectedly, it was shown that Sulfolobus acido caldarius uses an alternative cell division apparatus that is homologous to the eukaryotic ESCRT (endosomal sorting complex required for transport) 16, 17 . The ESCRT apparatus has key roles in diverse manipulations of intracellular membranes in eukaryotes, including the formation of multi vesicular bodies (MVBs) in particular
Orthologue
One of two or more homologous genes (or the encoded proteins) that are derived by vertical descent from a common ancestor.
subunits (referred to here as archaeal Snf7-like proteins) as well as homologues of the ATPase vacuolar protein sorting 4 (VPS4). The protein encoded by Saci_1373, one of the four Snf7-like proteins of S. acidocaldarius, is present in a ring-like structure at the site of membrane constriction during cell division 16, 17 ; cytokinesis is inhibited by a dominant mutant of this VPS4 homologue 16 . As this species lacks FtsA, MreB and a typical FtsZ, these data indicate that the counterpart of ESCRT-III constitutes the core of the cell division machinery in S. acido caldarius and, by implication, in other Sulfolobales and in the Desulfurococcales. In addition, the Snf7-like proteins and VPS4 homologues have been detected in membrane vesicles excreted by S. acidocaldarius as well as in egressing viral particles, suggesting that, as in eukaryotes, these archaeal proteins mediate diverse membrane manipulations 16, 21 . The presence of the archaeal Snf7-like and VPS4-like proteins in secreted vesicles and viruses contrasts with the exclusion of these proteins from MVBs in eukaryotes and may be attributable to the absence of archaeal analogues of ESCRT-I and ESCRT-II components
Thus, Archaea seem to use at least two unrelated membrane remodelling systems, a bacterial-type system based on FtsZ and a eukaryotic-type system based on ESCRT-III. This diversity and the obvious relevance of archaeal membrane remodelling mechanisms for the origin of the respective systems in eukaryotes, underscored by studies of the ESCRT-III homologues in S. acido caldarius, prompted us to undertake a comparative genomic analysis of the archaeal proteins known to be involved in, or at least implicated in, cell division (for methods, see Supplementary information S1 (box)).
Archaeal ESCRT-III and associated genes we started with the three proteins that are encoded in the S. acidocaldarius gene cluster containing a VPS4-like gene (FIG. 1) and that have been shown to participate in cytokinesis: the Snf7-like protein encoded by Saci_1373, the VPS4 orthologue encoded by Saci_1372 and a coiledcoil protein that is apparently unrelated to ESCRT-III subunits, encoded by Saci_1374. The phyletic patterns of these genes were initially extracted from the arCoG (archaeal clusters of orthologous groups) database
, and additional database searches and genomiccontext analyses were carried out in an attempt to identify other homologous or functionally related genes. However, a search for distant members of the Snf7-like protein family is not trivial and requires a combination of various sequence analysis approaches, secondarystructure prediction and genomic-context examination, as these proteins contain coiled-coil structures and can show spurious sequence similarity to many unrelated proteins.
Sulfolobus spp. encode a total of four Snf7-like proteins. The protein encoded by Saci_1373, mentioned above, belongs to arCoG00453 and is represented by a single orthologue in all sequenced genomes of the Desulfurococcales and Sulfolobales (see Supplementary information S2 (table) ). This protein contains a characteristic carboxy-terminal helix-turn-helix (HTH) domain and is encoded in the same operon as the VPS4 homologue in most archaeal genomes 17 . The Snf7-like proteins encoded by Saci_0451 and Saci_1416 belong to the related arCoG00452. Interestingly, this arCoG also includes seven proteins from two members of the Thaumarchaeota (three from Cenarchaeum symbiosum A and four from Nitrosopumilus maritimus SCM1). The fourth Snf7-like protein from S. acidocaldarius, encoded by Saci_1601, belongs to arCoG00454, which is represented only in the Sulfolobales.
The other two genes in the Saci_1373 gene cluster also show interesting distributions. The phyletic pattern of the coiled-coil-containing protein encoded by Saci_1374 (arCoG04054) mirrors the pattern of arCoG00452 (see Supplementary information S2 (table)). The phyletic pattern of the VPS4 homologue encoded by Saci_1372
Box 1 | Bacterial cell division
Cell division in bacteria is a well-studied process. In the Gram-negative bacterium Escherichia coli, which contains an outer and an inner membrane, the outer membrane constricts concomitantly with the generation of the division septum (see the figure) . By contrast, in the Gram-positive bacterium Bacillus subtilis constriction of the membrane precedes formation of the crosswall of peptidoglycan (see the figure) . In both bacteria, FtsZ forms the so-called Z ring that drives the formation of the septum, separating the daughter cells. The membrane-tethered actin homologue FtsA, which is present in many bacteria, interacts with FtsZ and facilitates the assembly of the Z ring. MreB, another actin-like protein, is essential for division in rod-shaped bacilli, in which it forms filaments governing cell wall elongation, but not in cocci 50, 51 . Like FtsA, ZapA is broadly conserved throughout the Bacteria and acts as a positive regulator of Z ring assembly. SepF is found in a broad range of bacteria, including the phyla Firmicutes, Actinobacteria and Cyanobacteria, and it seems to contribute to both formation of the Z ring and establishment of the correct septum morphology. EzrA has been detected in only Gram-positive bacteria with low GC content, to date. This membrane-associated protein is a negative regulator of FtsZ and contributes to the dynamics of FtsZ polymerization at the division site 7 . FtsZ is essential for bacterial survival, although deletion of ftsZ in B. subtilis results in a wall-less (L) form of the bacterium that is capable of anomalous, budding-like division 52 . The ftsZ gene is present in most bacteria and many archaea, although there are notable exceptions, such as the bacterial class Mollicutes 30 . The bacteria of the superphylum Verrucomicrobia-Chlamydiae and the phylum Planctomycetales possess altered division machineries, with no FtsZ in most planctomycetes and most chlamydiae, and accelerated evolution of FtsZ in verrucomicrobia (some of which also possess tubulins of probable eukaryotic origin) 53, 54 . 14, 15 .
The microtubule interaction and transport domain.
A diagnostic, functionally critical feature of the VPS4 family proteins is the presence of the amino-terminal microtubule interaction and transport (MIT) domain, a versatile protein-protein interaction module that consists of three antiparallel α-helices and interacts with an MIT-interacting motif (MIM) found in Snf7 -like partner proteins 16, 22, 23 . As the MIT domain sequence is poorly conserved, identification of this domain requires careful sequence analysis. In particular, we were interested in determining whether the MIT domain is present in the VPS4-like proteins from the Thermoplasmatales and Thermococcales. First, we searched for all archaeal VPS4 homologues containing an N-terminal extension. In addition to the VPS4 homologues that are included in the arCoGs, this search identified VPS4-like ATPases encoded by several recently sequenced species, including three members of the genus Thermococcus (T. gammatolerans, Thermococcus barophilus and Box 2 | The endosomal sorting complex required for export
The ESCRT (endosomal sorting complex required for transport) machinery is a versatile and modular apparatus that is involved in many membrane manipulation processes. It contains 4 distinct complexes (ESCRT-0 to ESCRT-III) that are comprised of at least 16 protein subunits (see the figure, part a).
In its role in multivesicular body (MVB) formation (see the figure, part a; protein names refer to the Saccharomyces cerevisiae components), ESCRT-0 recognizes ubiquitylated cargo proteins. This leads to the recruitment of ESCRT-I and ESCRT-II, which jointly promote membrane invagination and the formation of ingressed buds, producing a tubular neck that ESCRT-III acts on to drive membrane scission 20 . Membrane scission by ESCRT-III alone has been reproduced in vitro with a complex reconstituted from three paralogous coiled-coil subunits, vacuolar protein sorting 20 (Vps20), Vps24 and Snf7; a fourth paralogue, Vps2, joins the complex and recruits the Vps4 complex. The catalytic subunit, Vps4, is an ATPase associated with various cellular activities (AAA+ ATPase) that mediates disassembly of ESCRT-III and, thus, facilitates recycling of the subunits, providing multiple rounds of vesicle formation 55, 56 . The concentration of ESCRT-III proteins required for membrane scission is 40-fold lower in the presence of ESCRT-I and ESCRT-II than in the absence of these two complexes. In addition, ESCRT-I and ESCRT-II facilitate the exclusion of ESCRT-III from the intralumenal vesicles (ILVs).
During the final stages of cytokinesis in mammalian cells, the two daughter cells are joined by the midbody, a membranous tube containing a high density of microtubules. The ESCRT machinery plays a role in the resolution of this structure during membrane abscission (see the figure, part b).
Cep55, a component of the midbody, recruits ESCRT-I and another cellular protein, Alix (also known as PDCD6IP); ESCRT-II binds to ESCRT-I, and the complex subsequently mediates ESCRT-III recruitment. It is thought that ESCRT-III then acts to directly drive membrane constriction and scission, as suggested by the observations that overexpression of a defective allele of VPS4 leads to aberrant cell division 57, 58 . In addition, the ESCRT-III assembly directs the recruitment of spastin. Spastin is an AAA+ ATPase that is related to VPS4 and is recruited to ESCRT-III through a microtubule interaction and transport (MIT) domain-mediated interaction 59 . Spastin severs microtubules and, thus, might clear the way for membrane cleavage by ESCRT-III and its associated ESCRT-III-like factors, Chmp1A, Chmp1B and IST1. figure) ). These features, together with the N-terminal localization of the domain in the VPS4-like ATPase, suggest that these regions are bona fide MIT domains. Accordingly, we predict that all archaeal VPS4-like ATPases contain N-terminal domains that are homologous to the MIT domain and so are expected to interact with ESCRT-III-like proteins.
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Genomic neighbourhoods of VPS4-like genes. we next compared the genomic neighbourhoods of all identified archaeal genes encoding VPS4-like ATPases in an attempt to predict additional functional links using the 'guilt-by-association' approach. In most genomes of the Desulfurococcales and Sulfolobales, the VPS4 homologue is encoded in the three-gene cluster described above 14 (see Supplementary information S4 (figure) and Supplementary information S5 (table)). Although the three-gene cluster was initially thought to be an operon, it has been shown recently that the first gene in the cluster, SSo0911 (orthologue of Saci_1374), is transcribed separately from the Snf7-like and VPS4-like genes in S. solfataricus 24 . The remaining three Snf7-like paralogues are located elsewhere in the genome and are differentially expressed 15 . In Aeropyrum pernix, Desulfurococcus kamchatkensis and the Thaumarchaeota, the cluster containing the VPS4-like gene is disrupted and the Saci_1374 paralogues are at different locations (see Supplementary information S4,S5 ( figure, table) ). A detailed analysis of the genomic neighbourhoods revealed several potential lineage-specific components of the ESCRT system (see Supplementary information S4,S5 (figure, table) and  Supplementary information S6 (table) ). Among these proteins, the predicted winged HTH (wHTH) domaincontaining transcriptional regulator (in arCoG00731) that is associated with SSo0619-like genes is of particular interest, because it is possibly involved in differential regulation of the ESCRT-III-related genes.
In Thermoplasma volcanium, the VPS4-like gene (TVN0382) belongs to a predicted three-gene operon (containing TVN0381, TVN0382 and TVN0383). Using HHpred, a Conserved Domain Database search, PSI-BlAST (position-specific iterative basic local alignment search tool), secondary-structure prediction and multiple alignment (see Supplementary information S1 (box) and Supplementary information S7 (figure) for details), we showed that TVN0383 and its orthologue from T. acidophilum (Ta1181) encode proteins belonging to the Snf7 family, although they are far diverged from the homologues encoded by the Desulfurococcales and Sulfolobales. A PSI-BlAST search of the archaeal protein sequences using the protein encoded by TVN0383 as a query identified highly similar homologues of this protein in the genomes of three thermococci. Given that these euryarchaeal proteins are encoded in the vicinity of VPS4-like genes (FIG. 1) and contain confidently predicted coiled-coil regions, we conclude that they are previously unrecognized representatives of the Snf 7 family related to arCoG07402 (see Supplementary information S7 (figure)). The orthologues of the protein encoded by TVN0381 are encoded in all three of the available genomes from the Thermoplasmatales but do not show any similarity with other proteins.
Other genes associated with VPS4-like genes. Further analysis of the genomic contexts of VPS4-like genes and arCoG07402 revealed an additional suite of genes that shows considerable diversity across genomes but has well-defined components (see Supplementary information S6 (table) ). This group of ESCRT-III-associated genes is exemplified by the predicted eight-gene operon in T. barophilus (FIG. 1) . Each gene from this operon is present in similar genomic neighbourhoods in three thermo cocci, two methanocaldococci and H. mukohataei (see Supplementary information S4,S5 ( figure, table) ). our analysis using exhaustive PSI-BlAST and HHpred searches led to the identification of homologous relationships between some of these genes. In particular, we detected a link between the Snf7 family genes and those encoding the entries in arCoG09747 and arCoG09749 (see Supplementary information S7 (figure) ). Thus, most archaeal genomes possessing VPS4 homologues also encode paralogous Snf7-like proteins, as originally observed in the Desulfurococcales and Sulfolobales (FIGS 1,2; see Supplementary information S4,S5 ( figure, table) ). Two proteins belonging to arCoG08177 and arCoG09748 (see Supplementary information S6 (table)) are not similar to any known proteins and, so far, are unique to the VPS4-like gene neighbourhoods.
Box 3 | Archaeal clusters of orthologous genes
Comparative genomic analyses and reconstruction of the gene sets of ancestral forms rely on robust identification of orthologous genes in extant genomes. Orthologues are genes that evolved from a single ancestral gene in the last common ancestor of the compared genomes, in contrast to paralogues, which are genes that are related by duplication 60 . The identification of orthologues in distantly related organisms may be a difficult task, because the complex processes of gene duplication, lineage-specific gene loss and horizontal gene transfer confound orthologous relationships. Originally, clusters of orthologous groups (COGs) were derived for all of the proteins encoded by the genomes of bacteria, archaea and unicellular eukaryotes that were available at the time, and they became a popular platform for functional and evolutionary genomics 61, 62 . With the accumulation of hundreds of genome sequences, it became clear that more reliable, better resolved clusters of orthologues could be obtained by comparisons of limited subsets of genomes. Accordingly, archaeal COGs (arCOGs) were constructed by comparison of 41 archaeal genomes 44 and were subsequently updated to include several new genomes. The gene and protein classification and the ancestral genome reconstruction described here uses the 2009 update of the arCOGs. 'C a n d id a t u s M e t h a n o r e g u la b o o n e i 6 A 8 ' 
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A domain that binds phosphopeptides. Most FHA domains recognize phosphothreonine, with additional specificity contributed by residues that are carboxy-terminal to the phosphothreonine.
AAA+ ATPase
A member of the vast superfamily of ATPases associated with various cellular activities (AAA+). These proteins utilize the energy of ATP binding, hydrolysis and release to remodel macromolecular substrates.
The eight-gene cluster also encodes a serine/threonine protein kinase (arCoG03683) and a protein phosphatase 2C (arCoG05302), which probably constitute a distinct regulatory system. Notably, these proteins are present in a limited subset of archaeal lineages (the classes Thermococci, Thermoplasmata, Methanococci and Halobacteria, and the orders Desulfurococcales and Sulfolobales) that is almost identical to the subset of lineages in which at least one genome encodes a VPS4 homologue (see Supplementary information S2 (table)). Taken together with the operon organization that is partially conserved in the Thermococci, the Methanocaldococci and H. mukohataei, this pattern strongly suggests that the kinase and phosphatase (or, alternatively, the FHA domain-containing proteins that are encoded in a predicted operon with the kinase in several other archaea) regulate the activity of the archaeal ESCRT-III system. Archaeal protein kinases remain mostly uncharacterized, but it is notable that the apparent orthologues of the ESCRT-associated serine/threonine protein kinases in Mycobacterium tuberculosis (PknA and PknB) are involved in the regulation of cell division [25] [26] [27] . In particular, PknA phosphorylates FtsZ. Moreover, actinobacteria possess conserved predicted operons that contain both kinase genes and genes involved in cell division, such as Ftsw. Interestingly, the ESCRTassociated kinases in different archaea are fused to different domains -for example, to β-propeller and HEAT repeat domains in H. mukohataei -and to the so-called PEGA domains that are typically associated with S-layer proteins 28 in members of the class Thermococci, and these kinases are in some cases encoded within the VPS4-like gene neighbourhoods (see Supplementary information S4,S5 ( figure, table) ). Finally, genes that are predicted to encode AAA+ ATPases (in arCoG03166, arCoG03167 and arCoG03169) are also present in the VPS4-like gene neighbourhoods in members of the Thermococci. These proteins might have additional regulatory functions, given that some of them are fused to wHTH domains similar to those found in transcription regulators.
Examples of isolated VPS4-like genes.
In Pyrococcus horikoshii, Pyrococcus abyssi and Thermococcus kodaka raensis, VPS4-like genes do not belong to operons. Furthermore, we failed to identify members of the Snf7 family or most of the other typical components of VPS4-like gene operons (see above) in these genomes. However, in Pyrococcus furiosus we detected an apparent remnant of this operon that includes a gene encoding a protein which belongs to arCoG08177, a kinase-encoding gene and an ATPase-encoding gene (arCoG03167) but not VPS4-like or Snf7-like genes (see Supplementary information S4,S5 ( figure, table) ). These observations suggest that most members of the Thermococcales encode the ancestral version of the ESCRT-III system, whereas Pyrococcus spp. and a few Thermococcus spp. have lost it completely or partially. The monocistronic VPS4-like proteins encoded in some Pyrococcus spp. are predicted to be active ATPases, given the conservation of all characteristic motifs in the AAA+ domain (data not shown). Even more conspicuously, these proteins contain the MIT domain, suggesting that they interact with The phyletic patterns for indicated proteins are represented by filled circles to show the presence of the proteins and empty circles to show their absence. This is arranged according to the archaeal phylogenetic tree, the topology of which is a consensus based on several recent analyses [63] [64] [65] . Species are coloured by phyla and then subdivided into orders. VPS4, vacuolar protein sorting 4.
Snf7-like proteins despite our inability to detect these proteins in Pyrococcus spp. However, it is also conceivable that the MIT domain interacts with non-Snf7-like, MIM-containing partner proteins. Given that the Snf7 family proteins are small (150-250 amino acids) and form coiled-coil structures, we identified all proteins with such characteristics in the pyrococcal genomes and analysed their phyletic patterns and gene neighbourhoods. This search yielded several proteins with compatible characteristics, including a small operon that encodes two coiled-coil proteins (arCoG05733 and arCoG05734) and is reminiscent of the arCoG09749-arCoG09747 Snf7-like pair, and a coiled-coil protein (arCoG05820) encoded in the same operon as a V4R domain-containing ATPase (data not shown), but no solid candidates were revealed. Recently, however, it has been shown that the N-terminal MIT domain of the VPS4-like ATPase katanin interacts with tubulin 29 , suggesting an interaction between this domain and FtsZ in Pyrococcus spp.
New divergent FtsZ homologues in the Archaea
FtsZ proteins are encoded in all sequenced euryarchaeal genomes, with the sole exception of Picrophilus torridus DSM 9790, as well as in the genomes of the Thaumarchaeota, in Nanoarchaeum equitans and in the one available korarchaeal genome (FIG. 2) . Most euryarchaeotes encode multiple paralogues of FtsZ; phylogenetic analysis revealed three branches that are thought to have evolved from three FtsZ paralogues in the last common ancestor of the Euryarchaeota 30 . In most archaea, the genes from the three branches (ftsZ1, ftsZ2 and ftsZ3) are located in three distinct conserved neighbourhoods; ftsZ1 is located near highly conserved informational genes and can be predicted to function as the key cell division protein (FIG. 1) . The FtsZ-tubulin superfamily is characterized by a diagnostic motif in loop T4 -GGGTG(S/T)Gthat is involved in GTP binding. we used this motif to search the protein sequences from the arCoG database and, along with the known FtsZ family proteins, we identified a diverged family that includes two membraneassociated proteins (encoded by SSo1376 and SSo1378) from the closely related S. solfataricus strains P2 and 98/2. The genes encoding these proteins are located in a region of the chromosome that has a high density of insertion sequences, and they are disrupted by transposon insertions. Combined with the absence of these genes from the genomes of other Sulfolobales, including the closely related Sulfolobus islandicus, this observation suggests that the genes for membrane-associated, FtsZ-like proteins were acquired in a recent horizontal gene transfer event. To our knowledge, this is the first finding of FtsZ-tubulin superfamily proteins in the Crenarchaeota. In addition, this diverged family of FtsZ-like proteins includes members from several of the Euryarchaeota and from numerous bacteria 31 . These FtsZ-like proteins contain a long C-terminal extension with a predicted coiled-coil structure. In most archaeal genomes, proteins of this novel FtsZ-like family are encoded in a predicted four-gene operon that also encodes a diverged membrane-associated GTPase (MA2712, in arCoG06794), as well as a large α/β-protein (MA2713, in arCoG07816) and a smaller protein belonging to arCoG07815 (MA2710) that both contain predicted membrane-spanning segments. Interestingly, the corresponding operon described in Halorhabdus utahensis is next to the gene encoding a kinase in arCoG03683 (see above). The genomic context of the genes that encode these archaeal FtsZ-like proteins is unrelated to the context of their bacterial homologues, suggesting that this archaeal operon is an ancient feature rather than a result of recent horizontal gene transfer from bacteria. Therefore, it seems likely that this operon encodes a distinct membrane remodelling system.
SepF orthologues in FtsZ-containing archaea
Although most archaea use the FtsZ-based mechanism of cytokinesis, few archaeal homologues of the bacterial functional partners of FtsZ have been detected. In particular, the actin-like ATPase FtsA, which is essential in bacteria, is present in only Methanopyrus kandleri, whereas another actin-like ATPase, MreB, which determines cell shape in rod-shaped bacteria, is found in only a subset of the archaea that encode FtsZ (FIG. 2) . In an attempt to predict potential partners of FtsZ, we searched for arCoGs with the same phyletic pattern as the arCoG containing the FtsZ homologues. only two such arCoGs were found: arCoG00872, containing an ERCC4-like helicase, and arCoG02263, containing an uncharacterized, conserved protein. The PSI-BlAST and HHpred searches using the Archaeoglobus fulgidus protein from arCoG02263, encoded by AF0782, showed a highly significant similarity (for example, an E value of 10 -25 for HHpred) between arCoG02263 and CoG1799, which includes the recently characterized bacterial SepF proteins. Thus, arCoG02263 seems to consist of the archaeal orthologues of SepF, which has been shown to interact with FtsZ and has an overlapping function with FtsA 32, 33 . Given that, with a single exception, the available archaeal genomes do not encode FtsA, and taking into account the identical phyletic patterns of arCoG02263 and archaeal FtsZ, it seems highly likely that the archaeal SepF functionally substitutes for FtsA and is essential for FtsZ -based cytokinesis in archaea.
Other potential membrane remodelling systems The discovery of the archaeal ESCRT-III system revealed the existence of two complementary cell division machineries in the Archaea: the bacterial-like, FtsZ-centred apparatus in the Euryarchaeota and the ESCRT-IIIbased apparatus in the hyperthermophilic crenarchaeotes. Some archaeal groups, such as the Thaumarchaeota and, among the Euryarchaeota, members of the orders Thermococcales and Thermoplasmatales, encode components of both systems (FIG. 2) , generating the intriguing possibility that they may cooperate. However, a glaring gap remains in our knowledge of the cell division systems in archaea: the Thermoproteales, a distinct branch of the hyperthermophilic crenarchaeotes, encode neither the FtsZ-based nor the ESCRT-III-like system (FIG. 2) . Members of the Thermoproteales have been reported to undergo a peculiar version of rapid, 'snapping' Nature Reviews | Microbiology division that is distinct from the gradual membrane invagination seen in other archaea, suggesting that these organisms possess a separate, uncharacterized cell division machinery 34, 35 . with several diverse genomes of the Thermoproteales now available, we identified the arCoGs with phyletic patterns that are specific to this group and exclude other Crenarchaeota. Most conspicuously, members of the Thermoproteales possess a conserved operon containing a gene encoding an actin-like protein (for example, Pisl_0887 from Pyrobaculum islan dicum) that is also found in 'Candidatus Korarchaeum cryptofilum' (FIG. 1) and is unambiguously monophyletic with eukaryotic actins and actin-related proteins (ARPs) 36 . Actin and ARPs are key components of the eukaryotic cytoskeleton and are essential for, among other functions, mitotic spindle activity and cytokinesis 37 . The other three genes in the operon that encodes the actin-like protein in Thermoproteales are PAE2275 (the protein encoded by which is in arCoG05582), a gene encoding a globular protein that is also present in 'Candidatus Korarchaeum cryptophilum' and is encoded by all available genomes of the Thaumarchaeota, and two genes encoding additional uncharacterized proteins (belonging to arCoG05584 and arCoG07432) that are unique, so far, to the genus Pyrobaculum. Given the complementarity of the phyletic patterns (FIG. 2) and the analogy with the eukaryotic actin family, we predict that the actin-like protein in the Thermoproteales is a key component of a novel membrane remodelling system that is responsible for 'snapping' division. The only other protein family that is specific to the Thermoproteales to the exclusion of the other Crenarchaeota and that might be involved in cell division is a distinct ParA-Soj family ATPase (in arCoG00599 and encoded by PAE1775) that is known to be involved in chromosome and plasmid partitioning in bacteria 38 .
Additional mechanisms of division
Recent experimental breakthroughs (in particular, the discovery of the role of archaeal ESCRT-III homologues in S. acidocaldarius cell division), together with comparative genomic analyses, show that different lineages of the Archaea use at least three distinct systems for cell division (FIGS 2,3). The first system, used by the Euryarchaeota, is similar to that used by the Bacteria and is based on FtsZ (of the tubulin family) and SepF, which probably substitutes for FtsA. The archaeal orthologue of MreB is present in only a subset of organisms that possess FtsZ (FIG. 2) , suggesting that, similarly to bacterial cocci, some archaea do not require the MreB function, whereas others might relegate this function to a different protein. The second system, used by two branches of the Crenarchaeota (the Sulfolobales and the Desulfurococcales), is the ESCRT-III (VPS4-Snf7) system that is responsible for vesicle formation and is also involved in cytokinesis in eukaryotes. The third system, found in the crenarchaeal branch Thermoproteales, remains enigmatic, as these organisms lack both FtsZ and ESCRT-III. However, the presence of a protein similar to eukaryotic ARPs that is conserved in Thermoproteales but otherwise seen in only 'Candidatus Korarchaeum cryptophilum' (FIGS 1, 2) suggests that the third system is actin based.
The remarkable absence of any of the identified components of these three systems in P. torridus suggests that there may be additional cell division mechanisms in archaea. It is interesting to note that P. torridus encodes two kinases and a protein phosphatase 2C related to those found in the eight-gene operon described above, and the gene encoding the phosphatase, PTo1092, is colocalized with a gene that encodes a von willebrand factor type A (vwA) domain-containing protein, which is often encoded in the same operon as FtsZ in bacteria 31 . In eukaryotes, vwA proteins are commonly involved in basal membrane formation functions 39, 40 . Another uncharacterized protein that is currently unique to the class Thermoplasmata (for example, the protein encoded by PTo0444 of P. torridus) is encoded in a genomic context that is almost identical to the context of FtsZ1 in other archaea and is also likely to have a major role in cell division in this archaeal lineage (FIG. 1) . Finally, a role in cell division seems likely for the only ParA-Soj family ATPase of P. torridus (encoded by PTo1106). Using the scenario of evolution of Eukarya from a deep archaeal branch, the last universal common ancestor of the Archaea and the Eukarya probably possessed a full complement of vesicle biogenesis and division proteins (including the ESCRT (endosomal sorting complex required for transport) system, a member of the FtsZ-tubulin family, an FtsZ-like protein and MreB, as well as actin or an actin-like protein and proteins with homology to von Willebrand factor A (vWA)). These were probably dedicated to specific membrane invagination functions within the cell. During the evolution of the Archaea, some of these functions were lost, whereas certain systems acquired new functions. In addition, a new system of cell division may have arisen in Picrophilus torridus and Thermoproteales lineages (dotted cell division rings).
Evolution of cell division systems Diverged functions of the membrane remodelling systems. The comparative genomic analysis described here substantially extends previous observations 14, 17 that several groups of archaea encode assortments of cell divisionrelated proteins: some members of the Thermococci and Thermoplasmata and both available genomes of the Thaumarchaeota encode both ESCRT-III subunits and FtsZ, whereas 'Candidatus Korarchaeum cryptophilum' encodes components of the FtsZ-based division system (with multiple FtsZ paralogues) and the putative actinbased system (FIG. 2) . Snf7-like proteins were identified in only a subset of the archaeal genomes that encode VPS4 homologues. However, given the difficulties of detecting diverged homologues of these coiled-coil proteins and the presence of the MIT domain in all archaeal VPS4-like proteins, it seems likely that VPS4 homologues are reliable markers of the ESCRT-III-like system. The functional relationships between the proteins that constitute alternative cell division machineries in other archaea are interesting targets for further experimental studies. For organisms in which both machineries are present, the simplest hypothesis is that the FtsZ-based system is responsible for cytokinesis, whereas the ESCRT-III system is involved in vesicle biogenesis. Indeed, the formation of exosome-like vesicles during the stress response and during virus egress from infected cells has been reported in the Sulfolobales 41, 42 as well as in some members of the Thermococci 43 . The similar topologies of the membrane manipulations involved in cell division and vesicle formation, and the involvement of the eukaryotic ESCRT-III in vesicle formation and cytokinesis, are compatible with this possibility. However, the possibility also remains that the FtsZ-based system and the archaeal ESCRT-III cooperate during cell division in those archaea that possess both systems.
Implications for membrane remodelling systems in the last common ancestor of the Archaea. we cannot formally rule out the possibility that horizontal gene transfers have sculpted the repertoire of cell division proteins in the Archaea. However, considering the phyletic patterns of the analysed components of the membrane remodelling machineries, the most parsimonious explanation is that the last archaeal common ancestor (lACA) possessed a complex division and vesicle biogenesis system that included both FtsZ and ESCRT-III. Indeed, maximum likelihood evolutionary reconstruction gives a probability of >0.99 for the presence of an FtsZ homologue in the lACA and 0.84 for the presence of a VPS4 homologue. According to this reconstruction, the subsequent evolution of the Archaea involved primarily differential, lineage-specific loss of the ancestral components, such as the loss of FtsZ in the Desulfurococcales and independent losses of ESCRT-III in several euryarchaeal lineages, along with some horizontal gene transfers (FIG. 3) . The evolution of the archaeal actin-like proteins is less clear. From the phyletic pattern in the extant archaea (FIG. 2) , the probability for the presence of MreB in the lACA is <0.01, whereas the probability for the presence of an actin-like protein is ~0.2. However, assuming that the archaeal actin-like proteins of the Thermoproteales and 'Candidatus Korachaeum cryptophilum' are orthologues of MreB and, accordingly, considering these proteins jointly, the ancestral actin family protein can be tentatively mapped to the lACA with a probability of ~0.5. Moreover, given the presence of actin-like proteins in two diverged lineages (the Thermoproteales and the Korarchaeota), it cannot be ruled out that the duplication that led to the emergence of the actin-like family was already present in the lACA (FIG. 3) . Circumstantial evidence compatible with this possibility comes from the presence, in the Thaumarchaeota, of orthologues of the uncharacterized genes that are encoded near the genes for actin-like proteins in the Thermoproteales (arCoG05582; see Supplementary information S5,S6 (tables)). Thus, the tentative reconstruction of the evolution of archaeal membrane remodelling machinery implies a complex state in the lACA, with subsequent differential reductive evolution resulting in distinct, lineage-specific solutions for the same functional task.
These conclusions are compatible with genome-wide reconstructions that suggest a complex lACA 44, 45 , and they have implications for the evolution of the respective systems in eukaryotes. It is well established that the genetic complement of eukaryotes is a chimaera of genes with bacterial and archaeal origins, but the nature of the archaeal ancestor remains an open question 46 . Recent large-scale phylogenetic studies suggest at least three alternative candidates: the Thermoplasmatales 47 , the Crenarchaeota 48 and an unidentified deep archaeal branch 49 . The present analysis of the evolution of membrane remodelling systems seems to be best compatible with the deep archaeal branch possibility. Specifically, we propose that the archaeal ancestor of eukaryotes belonged to a deep, probably extinct -or unidentified -branch of the Archaea (or Archaea-related organisms) that possessed a highly complex membrane remodelling machinery, including FtsZ, an ESCRT-III system with a VPS4 homologue, and an actin-like protein, a combination that is not found in any available extant genome. Moreover, it seems plausible that the hypothetical archaeal ancestor of eukaryotes already possessed the eukaryotictype system of cell division regulation that uses reversible phosphorylation catalysed by serine/threonine kinase and protein phosphatase 2C.
Phylogenetic analysis of the VPS4-like ATPases reveals three major archaeal branches, one including the Desulfurococcales and the Thaumarchaeota, a second consisting of the euryarchaeal representatives and a third that is limited to the Thermoplasmatales (see Supplementary information S8 (figure) ). In the phylogenetic tree, eukaryotic VPS4 clusters with the euryarchaeal orthologues. However, the topology of the tree was not strongly supported by bootstrap analysis, so the origin of the eukaryotic VPS4 proteins could not be inferred with confidence. In contrast, Snf7-like proteins from the Desulfurococcales and the Sulfolobales show greater similarity to eukaryotic homologues than to Snf7-like proteins from the Euryarchaeota (see Supplementary information S7 (figure) ). Moreover, the Snf 7-like protein encoded in the operon containing the VPS4 homologue in the Desulfurococcales and the Sulfolobales contains a C-terminal wHTH domain 15 . Given that the eukaryotic ESCRT-II complex consists mostly of wHTH domain-containing subunits 16 , it seems likely that both eukaryotic ESCRT-II and ESCRT-III have an archaeal origin. Genes encoding Snf 7-like proteins apparently duplicated independently in most archaeal lineages 14 (see Supplementary information S7 ( figure) ) and in eukaryotes, making it difficult to infer the number of paralogues in the lACA or the archaeal ancestor of the Eukarya. Despite these uncertainties in the evolutionary reconstructions, it seems likely that the Eukarya inherited a highly complex, diversified membrane remodelling machinery from the Archaea.
